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General Introduction and Purposes 
Carbon dioxide is a universal and potentially toxic 
product of cell respiration which presents a disposal problem 
in many living animals. In microorganisms simple diffusion 
is normally adequate to prevent COg accumulation to trouble­
some levels, since the environment usually has only a trace 
of this gas. Among small multicellular animals, the aquatic 
forms are aided by unlimited contact with free water and by 
the fact that COg is readily soluble. Most large aquatic 
forms which are able to breathe water are likewise relatively 
free of COg problems. Among terrestrial animals, small as 
well as large, COg disposal may become quite complicated, 
and the complexity is often a direct result of the need to 
conserve body water. The physics of carbon dioxide removal 
is such that, if a respiratory surface may be freely presented 
to the environment without detrimental water loss, relatively 
simple transport systems and chemical transformations suffice. 
If, however, water loss would be a problem, elaborate adapta­
tions in the form of tolerance to or regulation of carbon 
dioxide are generally present. Tolerance is mainly a result 
of buffer systems in the body, where the acidity resulting 
from solution of metabolic COg in the body fluids may be 
controlled. Regulation of COg is generally dependent upon 
feedback mechanisms sensitive to the COg itself, or to its 
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acidity, so that high levels result in increased efforts to 
eliminate the excess from the body (Scheer, 1963). 
Adaptations related to COg physiology appear to have 
reached their most extreme state in certain endoparasites. 
Insect larvae (Gastrophilus) living in the vertebrate 
stomach, where COg often comprises most of the gaseous 
environment, may tolerate partial pressures hundreds of 
times greater than those encountered by free-living organisms 
(Levenbook, 1950). Not so extreme, but often unusual, are 
the mechanisms for tolerance and regulation demonstrated by 
whales, diving insects and other air-breathing animals which 
have returned to the waterj examples are found in several 
phyla (Prosser and Brown, 196I). 
Because of man's interest in his own kind, the physiol­
ogy of carbon dioxide regulation in complex systems is best 
understood for the vertebrates. A vertebrate typically has 
a closed circulatory system into which COg may diffuse from 
virtually every living cell of the body. Although some of 
the CO2 may persist as a gas dissolved in the blood, the 
bulk of it is rapidly hydrated to carbcnic acid, and an 
efficient diffusion gradient is maintained. Most of the 
hydration occurs within erythrocytes in the presence of hemo­
globin, and is catalyzed by an enzyme, carbonic anhydrase. 
Although a tiny fraction of the hydrated carbon dioxide 
(HgCOg) persists as the acid, most of it gives up a hydrogen 
ion, which is buffered by the hemoglobin. The remaining 
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bicarbonate ion (HCO^ ") diffuses from the erythrocyte into 
the plasma and is transported as such, while, in response, 
chloride ion (Cl") shifts from the plasma into the erythro­
cyte. Another small fraction of the COg combines quickly 
and loosely with free end amino groups on the hemoglobin 
and is transported as carbamino COg. 
The processes just described are reversed as the blood 
reaches the capillaries of a respiratory organ, where low 
environmental pressures of COg maintain gradient for 
diffusion from the animal. In addition, oxygenation at the 
respiratory surface diminishes the chemical affinity of 
hemoglobin for both COg and H"*", which improves the efficiency 
of the unloading process. This mechanism has been called the 
Haldane effect. 
While the uptake of oxygen reduces the COg affinity of 
the blood, a reciprocal effect also occurs. Uptake of COg 
by the blood and the subsequent buffering of cause hemo­
globin to release more oxygen at a given partial pressure 
than it otherwise would. This change is often quite impor­
tant to the overall efficiency of oxygen transport, and is 
called the Bohr effect. The change is accompanied by a 
slight drop in blood pH as the blood becomes venous. 
Prom the knowledge of vertebrate respiratory physiology 
much has been inferred for other animal groups. Valid infer­
ence requires caution, however, for there are mechanisms, 
indispensable to the vertebrates, which do not exist in other 
4 
phyla, and vice versa. Examples will be discussed later. 
It was during oxygen transport studies on the blood of 
a land crab, Cardisoma guanhumi (Latreille) that Redmond 
(1962) measured carbon dioxide concentrations and found 
unexpectedly high values. These values revived old ques­
tions and raised new ones concerning terrestrial adaptations 
for CO2 transport in these animals, and led eventually to 
the present research. 
Cardisoma guanhumi is of the family Gecarcinidae, 
section Brachyura, order Decapoda of the crustacean arthro­
pods. This species penetrates inland from coastal waters 
of the Atlantic Ocean in much of tropical and subtropical 
America. While closely related to purely aquatic crabs, 
Cardisoma is moderately well adapted for terrestrial exist­
ence. It requires frequent contact with free water (2 or 3 
days of desiccation is fatal), but can attain this contact 
by burrowing, sometimes to a depth of 1.5 m, in search of 
the water table (Herreid and Gifford, I963). By virtue of 
this habit it has been found as far as 8 km from the sea 
(Gifford, 1962). 
A near relative from the same family, Gecarcinus 
lateralis (Preminville), is more completely adapted to 
terrestrial life than is Cardisoma and was included in this 
study for comparative purposes. Gecarcinus is also native to 
some of the tropical and subtropical areas of the Americas, 
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and ranges far inland from the sea. Gecarcinus, like 
Cardlsoma, is a burrowing crab, but Gecarcinus does not 
require free water. It is apparently able to take up water 
by capillary action from a moist substrate into body sacs 
and gills (Bliss, 1963). Neither Gecarcinus nor Cardisoma . 
retains water, other than a moist surface, in the gill 
chambers. If kept immersed in water, Gecarcinus will drown 
in 12-24 hours, although Cardisoma will not (Bliss, I968). 
Dehydration of the gills in either species leads to respira­
tory difficulties and death, although total water loss may 
remain at a sublethal level. Bliss (1968) found that 
Gecarcinus has a ratio of gill surface area to body weight 
which is only about 60^  of that of Cardisoma. Both crabs 
have a vascularized epithelial lining in the branchial 
chambers, which presumably functions as a lung. 
Generally speaking, both species are alert and active 
terrestrial forms which feed mainly upon vegetation, burrow 
to avoid extremes of temperature, are often most active at 
night, and are obligated to return to the sea only for 
spawning. Bliss (1968) has provided a good summary of their 
ecology and physiology. 
An aquatic crab. Cancer anthonyl Rathbun, was also 
studied in order to detect contrast between the terrestrial 
forms and a typical marine species. This crab is native to 
the California coast. Cancer (family Cancridae) is taxo-
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nomically close to the land crabs, as both are included in the 
superfamily Brachyrhyncha (Barnes, 1963). Several species of 
Cancer are "market crabs". They are subtidal scavengers or 
predators, and their respiratory exchange is maintained by a 
flow of sea water through the branchial chamber. 
Obviously, the land crabs have developed systems for 
efficient control and disposal of COg, but the details of 
its movement are not clear. The blood of land crabs 
contains hemocyanin whereas that of the vertebrates has 
hemoglobin. Hemocyanin is known to function well as a buf­
fering protein in the blood, but it is not contained in cells 
or corpuscles as is vertebrate hemoglobin, nor is there any 
evidence of its being accompanied by carbonic anhydrase. 
Although not present in their blood, carbonic anhydrase has 
been found in the tissues and gills of various crabs and 
other decapods (Wolvekamp and Waterman, i960), but its 
function in COg elimination is not readily understood. If 
one assumes that the behavior of the COg product following 
hydration (HgCOg) is the same in land crabs as in vertebrates, 
namely dissociation into bicarbonate and hydrogen ions 
(HCOg + H'^ )j and that HCO^ " moves into the blood, then 
a reciprocal one-way shift of anion (such as Cl~) from 
blood to tissue would need to be postulated. Other­
wise one must assume that both HCO^ " and move from 
tissues to blood, either combined or dissociated. 
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in which case the advantage of hydration in the tissues is 
not clear. Seemingly, COg would enter the blood more readily 
as a gas. This same problem, but with the direction of move­
ment reversed, may be visualized for COg leaving the blood 
at the respiratory surfaces. 
Another question concerns the form in which COg is 
transported in the land crabs. The concentrations of COg 
found by Redmond (1962) in Cardisoma guanhumi were quite 
high when compared to known values for aquatic decapods—as 
high, in fact, as for terrestrial mammals. It was interesting 
to speculate as to whether, with known differences existing 
in the mechanisms in the blood, this COg might be transported 
in unusual chemical combinations. A study of this sort could 
also yield information on the mechanics of respiration. In 
man, a COg tension (P^ Og^  of about 40 mm Hg is normally 
maintained in the lung alveoli. As it passes through the 
lungs, the blood equilibrates with this pressure. Knowledge 
of the Pcog of the blood of the land crabs might similarly 
indicate the P^ Og of the gills and branchial chambers, and 
to what extent they were ventilated, 
Experiments were therefore initiated to measure the 
values of pH and total COg .present in the blood before and 
after passing through the respiratory organs; to find the 
quantities of COg bound by the blood at fixed values of PQOg 
and the pH at those pressures; and to deduce from these data 
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the forms of COg transported and the functional values 
in the living animal. Various other data, having to do with 
transport mechanisms and comparative blood chemistry, were 
also derived from these experiments. 
Review of the Literature 
Much of the early study of the transport of respiratory 
gases in invertebrates arose from the identification of the 
various blood pigments. In the crabs, as well as in several 
other invertebrate groups, the main blood protein is 
hemocyanin, a copper-containing protein which functions 
as a respiratory pigment. Hemocyanin is second only to 
hemoglobin in its distribution as a respiratory pigment, and 
its functional analogy to hemoglobin has been studied exten­
sively. Manwell (196O) has reviewed the comparative physiol­
ogy and biochemistry of blood pigments, mainly with respect 
to oxygen transport, while Redmond (1968a) has specifically 
discussed hemocyanin and its respiratory function in various 
animal groups, including crabs. 
A pioneer in securing blood gas data from invertebrates 
was Winterstein (1909). He included two decapods in his 
survey; a lobster, Palinurus vulgaris, and the spider crab. 
Mala squlnado. The lobster blood, after air-saturation, 
yielded 6.3 vol % COg. For the crab, air-saturated blood 
yielded 10.8 to I8.0 vol ^  COg, while pericardial blood held 
13.7 to 23.6 vol Apparently, the pericardial blood held 
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3 to 5 vol % of COg more than the amount bound at atmospheric 
pressure. 
Collip (1920) studied the binding of COg in pelecypod 
mollusks, and found that blood acidity from COg production 
could cause dissolving of CaCOg from the shell. Excess COg 
could then combine with the carbonate to form Ca(HC03)2j 
providing a very high alkali (bicarbonate) reserve. Tests 
for a similar mechanism in Cancer magister were negative, 
and Collip concluded that crabs do not use the CaCO^  of the 
carapace as a "protective measure" against high COg. He did 
find relatively high total COg in Cancer magister and Cancer 
productus, however (18 to 28 vol % in blood equilibrated 
with air), and speculated that gill filament permeability 
was low and that a steep diffusion gradient for COg was 
thus maintained. 
The first complete carbon dioxide dissociation curves 
appear to be those worked out by Parsons and Parsons (1923) at 
the Stazione Zoologica of Naples. They measured total COg 
of the blood of several invertebrates, including the decapods 
Maia squinado and Palinurus vulgaris. An important result 
was the demonstration that the curves for these two animals 
rise steeply at low COg tensions, and that vivo values 
lie in this steep portion of the curve, at low P^ q (2-3 mm 
Hg). In Maia, the slope of the COg curve above a PQOg of 
20 mm Hg was practically parallel to that of sea water. 
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These workers also tested for a COg difference between pre-
branchial and pericardial blood of Maia. They found values, 
respectively, of 9.7 and 4.9 vol 0, but further analyses of 
the pericardial blood gave inconsistent results and might 
cause one to doubt the validity of the first value. 
Duval and Portier (192?) provided Interesting new 
knowledge by comparing blood COg values of marine and fresh­
water animals of closely related species. They found that, 
in general, the fresh-water organisms had from three to five 
times as much COg in the blood as did their marine counter­
parts, even though environmental COg is virtually the same 
in the two media. Two terrestrial snails of the genus 
Helix were also measured, and gave about the same COg con­
centration as did the fresh-water snails (45-60 vol #). The 
reasons and significance associated with these high COg 
capacities are uncertain, even to Investigators who have 
more recently considered the facts (Jones, 1963). 
At about this same time, several investigators were 
examining the response of hemocyanins to oxygenation, 
deoxygenation and addition of acid or base. Phyllis 
Kerridge (1926) showed that the buffering power of the 
blood of Mala was greater than that of sea water, but less 
than that of mammalian blood. She found that deoxygenated 
blood had a higher pH and held more COg at a given COg tension 
than did oxygenated blood (a normal Haldane effect). At a 
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PcOg 10 nun Hg, for example, the deoxygenated blood was 
about 0.15 pH unit more alkaline and held more HCO^ " by 
about 0.3 mM/l. 
A. C. Redfield worked for several years on the physiology 
and chemistry of hemocyanins. In an early study (Redfield, 
Coolidge and Kurd, I926) he showed that hemocyanin-containing 
bloods were generally efficient buffers, but that important 
functional and chemical differences existed among them. He 
showed clearly the presence of & normal Bohr effect in the 
blood of a squid, Lollgo pealel, and reverse Bohr effects 
(increasing Og uptake with increasing COg) in a marine snail. 
Busycon canaliculatum, and the horseshoe crab, Limulus 
polyphemus. Less precise tests indicated a normal Bohr 
effect in an aquatic crab. Cancer irroratus. 
In 1929 Redfield examined variations in the COg capacity 
curves of individual Limulus, and concluded that hemocyanln, 
in the presence of blood salts, accounts for the buffer 
phenomena of Limulus blood (Redfield, Humphrey and Ingalls, 
1929). 
Much of Redfield's work was summarized in a paper on 
the evolution of respiratory functions of blood (Redfield, 
1933). In that paper he mentioned the fact that a number of 
lower vertebrates (turtle, frog, carp) normally retain a 
high bicarbonate concentration in the blood, and he pointed 
out that this would possibly enable an animal to compensate 
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for the accumulation of large quantities of non-volatile 
acid by eliminating equal quantities of COg. It would seem 
that this observation is worth considering where the high 
COg concentrations of some fresh-water and terrestrial 
invertebrates are concerned. 
Shack (1935) performed acid-base titrations on oxygenated 
and reduced hemocyanins (COg-free) and found that in the 
lobster, Homarus americanus, addition of oxygen made the blood 
more acidic. The maximum difference in base bound by the 
oxygenated and deoxygenated forms was 0.758 equivalent per 
atom of oxygen, at pH = 7.25. These results are indicative 
of a normal Haldane effect. 
The question of the forms in which COg is transported 
in bloods containing hemocyanin has been studied and discussed 
by Wolvekamp. He found, by experiments in which the rate of 
COg uptake was measured, that several such bloods contain 
none of the enzyme, carbonic anhydrase (Wolvekamp and Kruyt, 
1947). This is in accord with results described by Van Goor 
(1948). Two of the animals in Wolvekamp's study, Cancer 
pagurus and Homarus vulgaris, were decapods. The absence of 
carbonic anhydrase in their blood led to speculation that 
the bulk of the COg was transported in carbamino form, since 
apparently all requisites for carbamino formation existed. 
Carbamino COg is characteristically bound or released very 
rapidly. It was found, however, that the initial rapid 
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uptake of COg by decapod blood was no greater than by 
distilled water, and Wolvekamp felt that this ruled out the 
presence of any significant amount of carbamino COg in this 
group of animals. Since carbonic anhydrase has been found 
in the tissues and gills of decapods (Van Goor, 1948), 
Wolvekamp (194-9) has now suggested that the COg is probably 
hydrated or dehydrated in these sites and moves to or from 
the blood as HgCOg or as HCO^ " + 
The facts of COg transport and exchange in Crustacea 
are not yet lucid. In a chapter on respiration, Wolvekamp 
(Wolvekamp and Waterman, i960) sums them up and, interestingly, 
raises once more the question of CaCOg formation, which was 
touched upon by Collip in 1920. Wolvekamp further points out 
the need for a better understanding of the circulatory and 
ecological aspects of crustacean respiration, to complement 
what is known of the physico-chemical aspects. 
Data specifically concerned with COg in terrestrial 
crabs are very scarce. One study (Redmond, 1962) included 
CO2 analyses of leg blood from five specimens of Cardisoma 
guanhumi; an average value of 49.4 vol % was found. Redmond 
had found values of less than half that much in a previous 
(1955) measurement of an aquatic crab, Loxorhynchus grandis. 
He found normal Bohr effects in Cardisoma (1962) and in 
Gecarcinus lateralis (1968b). In the latter study an average 
pH difference of O.O6 unit existed across the respiratory 
organs of Gecarcinus. The pericardial blood was the more 
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alkaline. 
The mechanics of terrestrial respiration in decapods 
was the subject of a study by Zoond and Charles (1931) who 
used the fresh-water crab, Potamonautes perlatus. They 
found that a flow of water, propelled by the scaphognathite 
through the branchial chamber, was vital to aquatic survival 
of this animal. In air, however, no respiratory movements 
were necessary, and a group of normal animals survived in 
air for more than six days with no fatalities. Zoond and 
Charles were not yet ready to explain the ability of 
Potamonautes to withstand desiccation of the gills. 
New information is becoming available about the ecology 
and terrestrial adaptations of land crabs, as well as of 
other terrestrial Crustacea. Bliss (1968) has discussed 
such decapods in a very important symposium on Crustacea 
to which many authors contributed. It remains for knowledge 
of COg relationships to be added to the picture. 
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MATERIALS AND METHODS 
Handling and Sampling 
The specimens of Gecarcinus lateralis, males of about 60 
mm carapace width, were collected in Bermuda in mid-June and 
were immediately shipped by air to Ames, Iowa. In the 
laboratory the animals were kept in a large glass box which 
had the sides covered with brown paper but which had a 
translucent cover. The temperature varied from 25° to 27° C. 
Wood shavings were used as litter, and a 10-inch dish of 
clean artificial sea water and another of tap water were 
provided daily. An excess of fresh lettuce or cabbage was 
fed three or four times a week, and occasional feedings of 
bits of codfish were vigorously accepted by the animals. A 
few instances of cannibalism occurred, but it was never 
observed whether this activity was purposeful or was spon­
taneous following injury of the victim during a struggle; 
the latter seems probable. Those crabs which were killed 
after experimental sampling were eagerly consumed by the 
remaining animals if returned to the box, so it was made a 
practice to return them in the interests of good nutrition. 
The first data were taken after 4 weeks of confinement, 
and the last at the end of about 13 weeks. 
The other land crabs, Cardisoma guanhumi, were procured 
from two sources although all were collected near Miami, 
Florida in early September, I968, Both sexes were repre­
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sented. The average carapace width was about 90 mm, although 
several were as wide as 120 mm. They were shipped by air to 
Ames after periods of captivity varying from a day to as 
long as a week or more. 
Regardless of source, all Cardisoma had become acclimated 
to the same treatment by the time sampling was begun. While 
a few of the larger specimens were kept in the paper-covered 
glass box described above for Gecarcinus, most were kept in 
small cages, two or three to a cage, in an animal room where 
the temperature varied between 24° and 30° C. Each cage was 
provided with fresh water in a shallow 10-inch dish, and the 
animals spent much of their time in this water. Their food 
consisted of an excess of fresh lettuce, plus bread or rat-
food blocks, offered every two or three days. No cannibalism 
occurred with Cardisoma, and the animals were easily main­
tained in an apparently healthy condition for more than four 
months. The first recorded data were taken at 4 weeks of 
confinement and the last at 17 weeks. 
The aquatic crabs. Cancer anthonyi, were purchased from 
a commercial source in Venice, California. Both sexes were 
included, and the size of the animals was from 150 to l80 mm 
carapace width. These crabs were received in Ames on 
February 7, 1969, and were maintained in aerated aquaria 
of filtered artificial sea water at 12°-15° C. They were 
given a liberal feeding of chunks of codfish filet at inter-
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vais of 10-14 days. One animal which died from sampling 
injury was dismembered and eaten by its survivors, but 
this was probably a scavenging rather than a cannibalizing 
act; as a rule, sampling was not seriously injurious to 
these crabs and they did not molest one another. All 
recorded data were taken between 10 days and 40 days of 
confinement. 
Experimental sampling procedures were similar for the 
three species. In the case of Geoarcinus, blood which was 
to be equilibrated with CO2 was collected by snipping off 
two or three walking legs and draining the blood into a 
beaker. The volumes were such that several animals were 
needed for each 10-12 ml quantity. When blood flow ceased 
(after a minute or two) the beaker was covered and the 
animal was quickly killed with a pithing needle. It was 
learned late in the handling of Geoarcinus that as much or 
more blood could be obtained through patient use of a Teflon 
syringe with #20 needle (glass syringes tended to stick), 
and this new technique replaced the other in subsequent 
sampling of all three genera. Prom Cardisoma and from 
Cancer adequate blood for equilibration purposes could be 
obtained from a single animal, so pooling was unnecessary; 
an average-sized Cardisoma could yield 15-20 ml of blood, 
while each Cancer could easily provide 40-50 ml. 
The blood from both species of terrestrial crabs 
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coagulated very quickly and firmly at room temperature. To 
liquefy it, this blood was squeezed through a clean, lint-
free, cotton handkerchief, and only a small quantity of 
brownish coagulum remained behind. The blood of the 
aquatic crab. Cancer, did not form a solid clot; it was 
only necessary, therefore, to let it stand covered for an 
hour or so and then to filter out the whitish fibrillar 
debris which had agglutinated into small clumps. 
For determination of ^  vivo COg values, samples of 
prebranchial and postbranchial blood were required. A 2 ml 
sample of pericardial (postbranchial) blood was drawn by 
first drilling a 1.5 mm hole almost through the carapace 
over the pericardial cavity. The cavity was then entered 
with a blunted #18 needle attached to an oiled, chilled 2 cc 
syringe whose dead space contained sea water. Practice and 
care were necessary in order to avoid taking in air bubbles 
(a seal, in the form of a rubber collar around the needle 
near its tip, was helpful). After removal of the sample, 
the hole in the carapace was closed with Cenco red wax to 
prevent further blood loss. If the sample were taken quickly 
and the full syringe returned to an ice bath, coagulation 
could be inhibited long enough to allow the necessary prepa­
rations for analysis to be made. 
Prebranchial blood was drawn from the base of a walking 
leg into a similarly prepared syringe equipped with a plain 
#20 needle. For this step, the land crabs had to be closely 
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restrained in a shallow container (a cottage cheese carton 
was used) from the bottom of which a disk had been cut to 
allow access to the animal. The Cancer crabs were less 
aggressive, and such restraint was not required, nor was 
chilling of the syringes necessary. 
For the purposes of determining total blood solids and, 
eventually, total protein, small quantities of blood (less 
than 1 ml) were added io previously weighed glass vials 
which were quickly reclosed and set aside for gross weighing. 
Other samples, one-half ml or so, were sealed in little 
plastic vials to be frozen for eventual chloride analysis. 
Analyses 
COg capacity curves 
To determine the amount of COg contained by the blood 
as a function of COg tension (Pcog), blood samples of 2 ml 
each were first equilibrated with known partial pressures 
of COg then analyzed in the Van Slyke apparatus. Equilibra­
tion was accomplished in a tonometer device of a design 
used by Redmond (1962) in determining Og curves. This 
device is essentially a glass chamber of about 100 ml volume, 
one end of which is a removable cuvette which holds the blood, 
while the other end incorporates a stopcock. After adding 
blood and assembling the tonometer, it was flushed for 1 min 
with pure COg to the extent that all gas volume was exchanged 
at least 10-20 times. The apparatus was then attached to a 
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motor-driven vacuum pump and evacuated to approximately the 
desired P^ Qg indicated on an interconnected mercury 
manometer. The tonometer was then removed from the pump, 
atmospheric air was admitted until no more entered, and it 
was resealed. The necessary values of temperature, water 
vapor tension and barometric pressure were recorded in order 
to accurately calculate the Pcog fro# the manometer readings. 
The sealed tonometer was placed on a mechanical shaker and 
equilibrated for at least 1 hour at 60 oscillations per 
minute. 
Blood samples which were to be equilibrated at the 
atmospheric level of P^ Og (about 0.3 mm Hg) were not treated 
as described above, but were merely placed in the tonometer 
assembly and shaken with the stopcock open. 
After equilibration, the blood was allowed to drain 
from the body of the tonometer into the cuvette portion, 
which was then removed. Prom it the blood was quickly drawn 
through a few inches of plastic tubing into an oiled 2 cc 
syringe. A portion of this blood was measured with a pH 
meter, either the Radiometer pHm4c with microelectrode chain 
or the Beckman Expandomatic model 76A with small, general 
purpose electrodes. The latter was more quickly and easily 
read and seemed less affected by salt or protein errors. 
The temperature of measurement was 26° C. One ml of the 
remaining blood was analyzed for total COg content with the 
21 
Van Slyke apparatus. 
Van Slyke analysis of crustacean blood has always been 
problematic, for the acidification step converts the protein 
to a sticky, clumpy, white mass which prevents stirring and 
accurate reading, and which can be cleaned from the reaction 
chamber only at the cost of much time, effort and patience. 
In order to overcome this major problem, the blood was 
handled in the following way. The 2 cc syringe containing 
the blood was attached to a brass three-way syringe adapter, 
and excess blood was expelled down to the 1 cc mark. An 
oiled 10 cc syringe was attached to the other arm of the 
adapter, and into it was drawn 1 ml of 1.0 N NaOH from a 
flask. The adapter was then attached to a flask of COg-free 
water, and a few milliliters were drawn into the large 
syringe. The remaining milliliter of blood was forced 
across from the small syringe into the larger, and more 
water drawn in, to the 10 cc mark. The mixture was there­
fore 0.1 N in alkali, and was approximately a 1:10 dilution 
of the blood. (The volumes of all syringes and adapters 
had been carefully calibrated with distilled water and a 
Sartorius balance in order to calculate the dilution 
accurately.) Complete mixing could be accomplished by 
pumping this alkaline fluid back and forth between the two 
syringes. 
Prom the syringe apparatus the fluid was admitted in 
aliquots of 3 ml to the reaction chamber of the Van Slyke 
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apparatus. COg was released with 4 ml of 0.2 N lactic acid, 
and reabsorbed with 1.0 ml of 1.0 N NaOH, Van Slyke's con­
version factors (Peters and Van Slyke, 1932) for a 7 cc 
solution volume were used to calculate total COg from the 
mean Py^  ^value of the three aliquots. All values were 
corrected by subtracting a blank prepared from 1 ml of COg-
free water instead of blood; such a blank was measured for 
I 
every four or five blood analyses. The accuracy of this 
dilution technique was checked several times by measuring 
standard solutions of 25 mEq/l NagCOg. Although direct 
measurement of the blood would have been preferred, the 
modification as described was far more manageable and 
undoubtedly gave more nearly accurate results. These 
results were plotted against PçjOg values to give the COg 
capacity curves for each species. 
In vivo values of pH and COg 
In vivo values were also measured by the above method, 
except that the blood was drawn directly from each animal, 
as described earlier, and was not, of course, declotted. 
A persistent problem, especially when handling whole 
blood (as with 3^  vivo analyses) was that the plunger of the 
small syringe would often stick and prevent mixing within the 
syringe assembly. This was overcome by removing the small 
syringe after the blood had been expelled into the larger 
one (no mixing was attempted), and replacing it with another 
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small syringe containing distilled water. This water was 
expelled to the outside, flushing out blood, and leaving 
the dead space of the new syringe and the adapter filled 
with water. Mixing was then readily carried out between 
the large syringe and the new small one. Since calibration 
of all volumes had been accomplished, the necessary calcu­
lations of blood dilution were easily made. This step was 
adopted as standard procedure at an early stage in the 
research. 
Blood solids and protein 
It was recognized early in the research that individual 
differences in CO2 capacity and pH buffering existed within 
species. In an effort to understand these differences it was 
first decided to measure total solids, then later to measure 
total protein. To determine total solids, blood samples of 
known net weight (0.2-0.5 g), in small glass vials, were 
oven-dried at 75° C and reweighed on a Sartorius balance. 
These same solids were later analyzed for total protein by 
using the method described by Lowry et aJ. (1951), with 
minor modifications. The solids were redissolved in 4 ml 
of 1.0 N NaOH for 2-4 hours, then a milliliter of this 
solution was diluted for analysis. The analysis is princi­
pally the colorlmetric measurement of a blue compound which 
results from treatment of the protein with copper and Folin's 
phenol reagent. The "unknowns" were analyzed in groups of 
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ten. Serial dilutions of a freshly prepared $00 ug/ml 
solution of bovine serum albumin were measured to provide 
a standard curve for each group. These standards were 
prepared at the same alkalinity as that of the final dilu­
tion of the crab blood solids. Optical density was read at 
625 mu with a Bausch and Lomb Spectronic 20 colorimeter. 
Blood chloride 
To test for suspected ionic differences in prebranchlal 
and postbranchial blood in Gecarcinus and Cancer, in vivo 
chloride concentrations were measured. These measurements 
were taken of 100-ullter portions from frozen blood samples, 
and were performed on the Aminco-Cotlove chloride titrâtor. 
Standard technique for the fast-rate titration was used, 
except that a minor change was dictated by the behavior of 
the blood protein. If the recommended volume of acetic-
nitric acid reagent were added directly to the blood, strands 
of protein would form which interfered with smooth titration. 
Instead, therefore, the blood was first diluted with half 
that volume of water, then an equal amount of double-strength 




In determining, the curves of CO2 capacity and of pH as 
functions of for Gecarclnus, pooled blood was used. 
This was necessary in order to have enough homogeneous blood 
for equilibration at four or five different pressures. 
During analysis of these data for the mean curves, each 
point was weighted according to the number of animals who 
contributed to it—usually three or four. In the other 
species, with more blood available per animal. It was not 
necessary to pool samples. Table 1 shows the data for the 
mean COg capacity and pH curves for Gecarclnus, and the same 
values are plotted in Figure 1. (All tables and figures may 
be found at the end of the results section. A fact which 
the reader may find useful is that 1 mM/l of CO2 equals about 
2.2 volumes fo,) 
Large differences in blood COg capacity between individual 
animals were noticed early in the analysis of Gecarclnus. 
Since it was assumed that buffering capacity would be propor­
tional to blood protein concentration (Redfleld, Humphreys and 
Ingalls, 1929) and that protein would be proportional to total 
solids, total solids were measured and expressed as a percent­
age of the blood by weight. Samples to which each of 32 ani­
mals had contributed an approximately equal amount showed a 
mean value of 11.4^  t 1.6 (S.D., standard deviation) and a range 
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(R) of 7.9 - 15.2. However, it was soon discovered, after a 
few samples were compared, that a direct relationship between 
total solids and COg capacity was not apparent. Some of the 
bloods with high solids had low capacities, and vice versa. 
Since it was possible that the relationship was merely 
obscured by inadequate analysis, it was decided to test the 
entire population of points. In order to use points from 
t 
all parts of the curve,' rather than just those at one arbi­
trarily selected pressure, it was necessary to express some 
relationship of total COg to which would be constant 
over the entire physiological range. This, then, could be 
tested for correlation with blood solids. Obviously, the 
total COg, expressed as a function of tension (COg/PcQg) 
would be affected by a factor other than buffering capacity, 
since as increases, the blood approaches saturation and 
the curve straightens out and assumes a constant slope. The 
mean curve for Gecarcinus was examined, and it was found that, 
within the range of COg pressures covered, a plot of log total 
COg versus log Pqq provided a straight line (general equation 
y = ax + b) with the following values: log COg = 0.303 log 
C^Og 0.740. Rearrangement of this equation gives log 
COg - 0.303 log Ppog " 0.740. Therefore, log COg - 0.303 
log PcOg any point within the population is a constant 
which is independent of Pqq but which might be expected to 
vary directly with buffer capacity, i.e., total solids or 
protein. 
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The constant was calculated for each and every point 
and plotted against, first, the solids concentration for 
that point and, finally, the protein concentration for that 
point. The result, for Gecarcinus blood, is in Figure 2, 
and does not support a direct relationship in either case. 
(Protein concentration had been determined because of the 
apparent lack of correlation of COg capacity with total 
solids. The mean protein concentration in declotted blood 
of Gecarcinus was 8.9^  ± 1.4 (S.D.), N (Number) = 11, R = 
5.0 - 11.0. In whole blood it was 9.8^  ± 2.0 (S.D.), N = 
12, R = 6.2 - 11.9.) The same technique was applied to the 
PH/Pqq^  relationship. In this case, the constant was equal 
to pH - (-0.31 log PfjOg) = 7i456, and the resulting plot 
was still inconclusive. 
Further investigations of the solids-protein question 
will be described for the other species and in the discussion 
section. 
In vivo values of total blood COg and pH disclosed mean 
changes across the gills (prebranchial to postbranchial) of 
-0.75 mM/l (1.7 vol ^ ) and +0.066 pH, respectively. These 
differences were given a "t" test and were significant at 
p < 0.05 and p < 0.001, in that order. The vivo values 
are listed in Table 2, and are entered upon the standard 
curve of Figure 1, from which a prebranchial of about 
10 mm Hg and a postbranchial P^ Q^  of about 7 mm Hg may be 
interpolated. 
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Prebranchial and postbranchial concentrations of Cl~ 
were measured for the purpose or detecting a possible chloride 
shift into the blood as it traversed the respiratory organs 
and gave off COg. The concentrations, however, were so great 
that small differences (l or 2 mEq/l) could not be detected 
with accuracy, and the result was inconclusive. The mean 
value for 24 chloride measurements was 15.6 mg/ml ± 1.4 
(S.D.), R = 13.0 - 17.3. The concentration may also be 
expressed as 439 mEq/l. No significant difference was 
detected between prebranchial and postbranchial levels. 
Cardisoma guanhuml 
The curve of mean values of COg capacity and pH for the 
equilibrated blood of Cardisoma is shown in Figure 3, and the 
data are Included in Table 1. The curve is distinctly dif­
ferent from that of Gecarcinus, the values of COg being much 
greater and pH more alkaline at any given tension. 
Total blood solids and blood protein were measured and 
were plotted against a derived constant for total COg and 
another for pH, as was done for Gecarcinus. In this case, 
log CO2 = 0.150 log PgQg + 1.212 and pH = -0.53 log PcOg 
8.15. Again, no clear relationship was detected, so the plot 
has not been included here. Total solids in declotted blood 
of Cardisoma showed, by weight, a mean value of 13.7^  ± 2.4 
(S.D.), N = 16, R = 7.8 - 18.9. The protein concentration 
of this same blood was 11.8# i 2.4 (S.D.), N = I6, R = 6.0 -
16.6. 
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In vivo values of total blood COg and pH showed a lean 
change across the respiratory organs of -I.78 mM/l (almost 
4 volumes %) and +0.153 pH. Subjected to the "t" test, 
these changes were highly significant, with p < O.OO5 in 
both cases. The ^  vivo values for 11 animals are listed 
in Table 3» and are entered upon the curve of Figure 3. In 
vivo values of solids and protein also are included in the 
table, these having been determined for prebranchial and 
postbranchial blood; no significant differences were detected 
in this species. 
A discrepancy exists in the interpolation of values for 
in vivo ^ cOg Figure 3. COg concentrations indicate a 
change from 7 mm Hg to 4 mm Hg; however, pH values 
imply a change from 25 mm Hg to 13 mm Hg. Somewhat better 
agreement was found in some additional data from two large 
crabs, each of which provided enough blood for an entire 
equilibration curve as well as for to vivo analysis. These 
curves are shown in Figure 4 and indicate a change with a 
magnitude of about 4 or 5 mm Hg occurring in the range 
of 5 to 15 mm. 
Cancer anthonyi 
Blood from Cancer was so plentiful and so easily handled 
that it was possible, with only a couple of exceptions, to 
determine curves of COg capacity and pH/Pqq^  for each animal 
used. The means of data from nine such curves are plotted 
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In Figure 5 and are included in Table 1; these same nine 
curves are collected and shown individually in Figure 6. 
The PcOg equilibration was not elevated past 20 mm Hg 
after it became obvious that the physiological range in 
Cancer was well below this pressure. The shape of the 
curve is more comparable to that of Gecarcinus than to that 
of Cardisoma. 
Total blood solids and blood protein were measured, and 
against them were plotted a constant for total COg and 
another for pH, as was done for the other two species. For 
Cancer, the CO2 constant = 0.942 = log COg - 0.17 log PcOg' 
or COg =8.75 c^Og^  the pH constant = 7.686 = pH + 
0.407 log PcOg. These equations are derived from the mean 
curve. Total COg and pH of Cancer, unlike similar values 
from the other two species, appear to show a logical correla­
tion both with blood solids and with protein. As can be seen 
in Figure 7s the constant for total COg, although it does not 
change smoothly with increasing solids, does nevertheless 
shown an upward trend. Other factors obviously are obscuring 
the relationship, but not concealing it. Total solids in the 
prebranchial blood, which was used for equilibration, had a 
mean value of 7.1$^  * 1.2 (S.D.), N = 11, R = 4.7 - 8.7. The 
mean value for protein was 4.2^  ± 1.2 (S.D.), N = 11, R = 2.0 -
6.0. 
In vivo values for COg and pH in prebranchial and post-
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branchial blood are given in Table 4 and are shown in Figures 
5 and 6. The interpolated values are in close agreement, 
and are in the range of 2 to 3 mm Hg. There was very little 
change across the gills detected by the methods of this 
study; no significant difference was found between prebranchial 
and postbranchial values of either total COg or pH. An inter­
esting phenomenon was noticed, however, concerning blood 
solids on the two sides of the gills. Separate samples had 
been retained and measured for each animal, and the solids 
concentration was always less on the postbranchial (peri­
cardial) side, there being a mean pericardial value of 
6.7^  1.2 (S.D.), N = 11, R = 4.4 - 8.1. (The prebranchial 
mean was 7.1^ .) The change in blood solids in the direction 
of circulation was -0.38^ , and this was significant at the 
level p < 0.01. Recognition of this fact led to a check of 
protein values. The change In protein across the gills was 
smaller than -0.1$, and was not significant; however, protein 
expressed as a fraction of total solids showed an increase of 
3.1^ , significant at p < 0.025. 
These facts implied a probable salt loss across the 
gills. Since the blood salts are primarily chlorides, 
chloride titrations were performed on all paired samples. 
The results were inconclusive, total concentrations being so 
great that small differences, if present, could not be con­
fidently detected. Total Cl~ in Cancer blood was 16.9 mg/ml ± 
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0.6 (S.D.), N = 24, R = l4.9 - 18.2; the concentration may 
also be expressed as 476 mEq/l. 
Effect of Oxygenation of the Blood on CO2 Capacity and pH 
The equilibration technique used in this research could 
provide any desired PcOg^  but only one level of oxygen 
pressure—atmospheric. In the living crab the blood would 
not normally be so laden with oxygen, especially in the 
prebranchial circulation. Freshly drawn blood always 
appeared quite pale compared to the equilibrated samples, 
which were dark blue with oxyhemocyanin. In consideration 
of these facts, a brief experiment was performed to test the 
effects of oxygenation upon COg capacity and pH. Samples of 
declotted Cardisoma blood in tonometers were evacuated with 
shaking until they were colorless (deoxygénated) and free 
of gas bubbles. The tonometers were then flushed with pure 
carbon dioxide gas at 1 atmosphere, evacuated again to the 
desired PgOg, and raised with pure nitrogen gas to 1 atmos­
phere of total pressure. Samples to be equilibrated at zero 
PcOg were, after evacuation, filled with nitrogen alone. 
Beyond this point all samples were handled and analyzed in 
the normal manner, and each deoxygenated sample was accom­
panied by a normal control. Three pairs of samples, at COg 
tensions of zero (atmospheric is about 0.3), 15 and 25 mm Hg 
were tested. A very small difference in the COg capacity 
appeared; the deoxygenated blood combined a few tenths of a 
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milllmole more per liter, but the validity of this difference 
is doubted for technical reasons. However, an obvious dif­
ference in pH was noted; the deoxygenated blood was one to 
two tenths of a unit more alkaline over the entire range 
of PgOg' Figure 8 is a graph of these results, and they 
will be considered in the discussion section. 
Chemical Forms of COg Transport in Crab Blood 
On several occasions, preliminary calculations were 
made to see if HCO^ ", HgCO^  and dissolved COg could account 
for the total carbon dioxide concentrations being found in 
the blood. These calculations were accomplished through a 
special form of the Henderson-HasseIbalch equation, an 
equation with which one may differentiate between the con­
centrations, in aqueous solution, of an undissociated acid 
and its conjugate anion. The equation takes the form pH = 
pK^  + log 
total COg - a PcOg 
a PcOg 
, where the fraction at right 
is analogous to anion/undissociated acid. In this particular 
case, pKj is the negative logarithm of the apparent first 
dissociation constant of carbonic acid in crab blood; "a" is 
the solubility of carbon dioxide gas in the blood; and pH, 
total CO2 and measured experimental values. (For 
a thorough discussion of this application, see Davenport 
(1958).) A check of standard references (Dittmer and 
Grebe, 1958) led to selection of a value of 0.04 niM/l per 
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mm Hg PQOg the constant "a", at 26 C. Using this 
value, one can substitute experimental values of pH, total 
t 
CO2 and PQOg and derive a value for pK^ . For example, 
taking an upper value (P^ Qg = 30) from the mean curve for 
Cardisoma (Figure 3) one may write: 
27.4 - (0.04)(30) 
7.357 = PK^  + log 
PK, 
(0.04)(30) 
7.357 - 1.339 = 6.018 . 
= pK^  + 1.339 
(1 )  
According to accepted theory, the pK^  value is constant 
in a given fluid at a constant temperature, and thus should 
have the same value at any point on the mean curve. As a 
check, one may select a lower value (P^ Q^  = 5) and write: 
20.0 - (0.04)(5) 7.750 = pKi + log 
(0.04)(5) 
pK{ = 7.750 - 1.996 = 5.754. 
= pK^  + 1.996 
(2 )  
The pKj^  value, contrary to theory, appears to be 
decreasing as decreases. Alternatively, a part of the 
total carbon dioxide may be present in some form other than 
HCO3", HgCOg or CO2 and should be subtracted from the 
numerator of the fraction. If the latter is true, the 
excess carbon dioxide in the second example is nearly half 
of the total, since in order for a pKj of 6.OI8 to exist in 
Equation 2, the total COg concentration must be only 11.0 
mM/l instead of 20.0. An even greater discrepancy exists 
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if one examines the values at atmospheric tension = 
0.3); here, either the total COg is in excess by more than 
90%, or pKÎ = 4.855. 
In order to judge whether the apparent discrepancy was 
due to the composition of the blood or to failure of the 
equation to hold true, a "synthetic blood" was prepared. 
Egg albumin was dissolved in 90^  sea water to make a solution 
of 10% protein (10 g/lOO ml), and the pH was adjusted to 7.9. 
Samples of this preparation were equilibrated with COg and 
were analyzed by the standard method. The results are 
plotted in Figure 9. 
While the quantities of bound COg and the pH values are 
much lower than in crab blood, the calculated pK^  values are 
similar. At = 30, pKj = 6.04; at Pqq^  = 5, pKj = 5.8?. 
The pk{ of Cardisoma blood at 0.3 mm Hg PcOg 4.86, while 
that of the albumin solution is 5.51. The total COg values 
at the low end of the albumin curve are quite small; if these 
were in excess by as much as 1 or 2 mM/l, which is possible, 
the actual pK^  values would be practically the same as those 
at the high end. It appears, however, that pK{ derived in 
this manner does decrease with diminishing ^ cOg' since this 
phenomenon was eventually observed in the whole blood of each 
species and in Cardisoma serum, as shown in Table 5-
The possibility was considered that high total COg con­
centrations persisted in whole blood at the low end of the 
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curve (atmospheric P^ Q^ ) because of slow equilibration. If 
so, this could at least partially account for the deviation 
from the amounts theorized with the Henderson-Hasselbalch 
equation. Although equilibration time was always an hour 
or more, it was decided to assure acceleration in a few 
samples by adding carbonic anhydrase. Wolvekamp (Wolvekamp 
and Kruyt, 19^ 7) found that by diluting human blood 20:1 
with HgO and adding 0.1 cc of this fluid to a $ cc sample of 
snail blood, he brought about complete COg equilibrium within 
40 seconds. In the present experiment a preparation identical 
to Wolvekamp's was added to each of three 2.5 cc samples of 
Cancer blood. All were equilibrated for at least an hour at 
atmospheric 8,nd were then measured in the standard way. 
In no case did the total COg vary significantly from that 
of previously measured untreated controls; the concentra­
tions were about 10 mM/l, and all yielded pK{ values of 
less than 5.00. 
Role of Blood Protein as a Buffer 
Another investigation was run in order to estimate the 
role of blood protein as a buffer in the absence of other 
variables, and to check its relationship to the high COg 
concentrations found at low P^ g^ . (It should be recalled 
that in this study a correlation between protein and total 
COg has not been clearly established.) Eight identical 3.0 
ml samples of Cardisoma blood were added to centrifuge tubes. 
37 
which were then sealed with rubber stoppers and Parafilm. 
These were heated in a water bath at 90° C for 30 min to 
precipitate the proteins, which coagulated until the blood 
was a custard-like white mass. The tubes were then centri-
fuged at 2,000 times gravity for 45 min and the clear super­
natant liquid was pipetted off. Each sample provided about 
1.8 ml of "serum". These samples were equilibrated with 
COg over a range of pressures from atmospheric (0.3 mm Hg) 
to nearly 40 mm Hg. A 2.0 ml sample of whole blood from 
the original supply was run simultaneously with each serum 
sample. Analyses were then performed in the standard manner. 
The serum values, rather than being reported as concen­
trations of COg per milliliter, were converted to COg per 
milliliter of serum from 1 ml of blood; this correction was 
performed in the following way. The precipitated protein 
mass was determined, by drying, to be 10^  of the blood by 
weight. Assuming equal distribution of salts and other non­
protein solutes between serum and solids, the serum was 
consequently taken to be 90^ . The blood weighed I.05 g/ml, 
so each milliliter had 90^  x I.05 = 0.945 g of serum. Stated 
differently, each O.945 g of serum represented 1 ml of blood. 
The serum itself had a density of approximately 1 g/ml, so 
the serum COg values were multiplied by 0.945 to convert them 
to values for blood devoid of protein. For the purposes 
used, any error inherent in this calculation is negligible. 
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The values for whole blood and for serum are plotted together 
for comparison in Figure 10. The whole blood generally 
showed greater COg capacity and buffering power. 
The CO2 capacity curves were evaluated by means of 
a plot (not shown) of log total COg versus log the 
equation for the whole blood curve is: total COg =10.42 
Pcog^ '^ i^ while that for serum is: total COg = 9.12 
PgOg*^ *^ ®' A difference curve, also, was prepared by sub­
tracting the serum values from those of whole blood. A 
log/log plot of this data is shown in Figure 11. Evaluation 
gives the equation a COg = 2.20 Pc02^ *^ ^^ * Since A COg is 
actually the amount of COg for which the protein is respon­
sible, it follows that 105 g/l of protein (10# by weight) 
binds, for example, at PcOg ~ 10 and pH 7.4, about 5.7 mM/l 
of COg. It is interesting to note that at atmospheric 
tension there is practically no difference in total COg 
between blood and serum. 
The pH values of whole blood (which apply also to the 
difference curve) may be related to ^ cOg the equation pH = 
-0.59 log P^ Og + 8.12, although the equation is not a perfect 
fit, since in this case a plot of pH versus log P^ Og had a 
slight curvature. 
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Table 1. Values of total COg and pH as functions of P^ Q 
in blood of three species of crabs ; table in-
eludes means ± standard deviations, N and ranges^  
Gecarcinus Cardisoma Cancer 









5.13 - 0.72 
(11) 
(4.70 - 5.40) 
7.617 ^  0.097 
(11) 
(7.567 - 7.731) 
(li; 
(atmospheric) 
14.10 ± 2.96 
, (11) 
(9.10 - 19.00) 
7.935 ^  0.151 
(11) 
(7.660 - 8.201) 
(atmospheric) 
7.03 t 1.34 (8) 
(5.15 - 9.65) 
7.901 0.079 
(7.830 - 7.970) 
COp 
(range) 
(no mean values 
calculated 
at 5 mm Hg) 
5.2 ± 0.3 
,, (9) \ 
(4.7 - 5.7) 
11.56 t  1.74 
(9) 
(8.65 - 13.95) 
PH U )  
(range) 
7.396 t 0.057 
(10) 
(7.300 - 7.489) 
(range) 
12.2 ± 3.2 
(6.^ -^^ 15.0) 
12.6 t  2.1 
(7.1^ -^ 14.8) 
10.2 ± 0.4 
(8) 
(9.7 - 10.7) 
CO2 
(range) 
11.30 ± 1.32 
(10) 
(9.65 - 12.50) 
24.20 t 2.13 
/ (^10) 
(21.60 - 27.75) 
12.94 ± 1.67 
(8) 
(10.25 - 15.25) 
PH 
(I:le) 
7.237 ± 0.087 
(10) 
(7.113 - 7.372) 
7.565 t  0.073 
(10) 
(7.457 - 7.704) 
7.281 ± 0.084 
(8) 
(7.157 - 7.374) 
in mm Hg; COg in mM/l. 
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(range) (15.5 - 21.6) 
COp 14.03 t 1.11 
(NT (8) 
(range) (12.30 - 15.15) 
pH 7.215 ± 0.035 
(N) (8) 
(range) (7.161 - 7.239) 
20.9 î 3.3 
(11) 
(16.3 - 23.8) 
25.02 ± 4.08 
(11) 
(19.70 - 30.70) 
7.436 t 0.091 
(11) „ , (7.291 - 7.585) 
20.0 t 0.5 
, .(9) X 
119.6 - 20.7) 
14.37 t 1.92 
(9) 
(11.75 - 18.10) 
7.161 ± 0.061 
(9) 
(7.065 - 7.251) 
(range) (27.0 - 32.6) 
COp 15.33 ± 0.90 
(N) (6) 
(range) (14.50 - 16.15) 
pH 7.032 + 0.025 
(N) (6) 
(range) (7.010 - 7.054) 
32.0 ± 1.6 
(10) 
(29.0 - 33.1) 
27.70 t 4.51 
(10) 
(21.35 - 37.55) 
7.365 t 0.074 
(7.26^ -^^ 7.476) 
(no values 
above 
20 mm Hg) 
'"'M)"-' 
(range) (40.3 - 45.0) 
COp 17.45 ± 1.16 
(N) (6) 
(range) (16.20 - I8.5O) 
pH 6.974 ± 0.035 
(N) (6) 
(range) (6.947 - 7.007) 
42.7 t  0.8 
(5) 
(42.0 - 44.0) 
28.60 t  3.93 
(5) 
(24.20 - 34.10) 
7.295 t 0.104 
(5) , , 
(7.175 - 7.430) 
Table 2. In vivo values for prebranchlal (v) and postbranchial (A) blood of 12 





















1 8.40 7.22 -1.18 7.140 7.285 +0.145 13.1 11.0 
2 9.90 9.40 -0.50 7.337 7.357 +0.020 14.2 11.6 
3 13.17 11.32 -1.85 7.407 7.447 +0.040 16.8 12.1 
4 7.68 7.46 -0.22 7.400 7.412 +0.012 11.1 7.0 
5 10.89 12.50 +1.61 7.460 7.490 +0.030 8.9 6.2 
6 - lost - 7.232 7.331 +0.099 15.3 11.3 
7 lost 7.193 7.218 +0.025 16.5 11.9 
8 10.87 8.86 -2.01 7.280 7.382 +0.102 14.3 9.6 
9 10.32 10.20 -0.12 7.416 7.517 +0.101 13.8 9.3 
10 12.29 11.48 -0.81 7.410 7.492 +0.082 11.6 7.9 
11 10.19 8.73 -1.46 7.353 7.376 +0.023 15.4 11.0 
12 12.04 11.05 -0.99 7.349 7.456 +0.107 12.9 8.7 
Mean 10.58 9.82 -0.76 7.331 7.397 +0.066 13.7 9.8 
8.D.& 1.69 1.78 1.05 0.032 0.029 0.044 2.3 2.0 
S^tandard deviation. 
Table 3. In vivo values for prebranchial (v) and postbranchial (A) blood of 11 




















1 21.90 19.47 -2.43 7.540 7.625 +0.112 
2 23.10 21.00 -2.10 7.490 7.590 +0.100 - -
3 22.00 21.65 -0.35 7.400 7.670 +0.270 15.8 13.7 
4 14.65 10.62 -4.03 7.270 7.390 +0.120 5.7 4.4 
5 19.25 15.35 -3.90 7.390 7.647 +0.257 16.2 14.2 
6 20.90 19.60 -1.30 7.312 7.430 +0.118 14.0 13.0 
7 21.65 20.00 -1.65 7.473 7.488 +0.015 7.7 6.3 
8 21.20 19.95 -1.25 7.453 7.710 +0.257 13.8 12.2 
9 22.55 23.80 +1.25 7.262 7.425 +0.163 13.5 12.2 
10 16.10 13.20 -2.90 7.162 7.402 +0.240 13.9 11.0 
11 27.20 26.30 -0.90 7.640 7.670 +0.030 18.5 17.4 
Mean 20.96 19.18 -1.78 7.399 7.552 +0.153 13.2 11.6 
S.D.* 3.39 4.55 1.54 0.139 0.122 0.092 . 4.6 4.2 
3Standard deviation. 
Table 4.  ^vivo values for prebranchial (v) and post­
branchial (A) blood of 11 specimens of Cancer 
anthonyi 
Animal Total COg , mM/1 C02, PH pH, 
no. V A A-V V A A-V 
1 10.50 9.75 -0.75 7.662 7.697 +0.035 
2 7.75 7.40 -0.30 7.591 7.610 +0.019 
3 9.70 7.85 -1.85 7.583 7.650 +0.067 
4 11.10 9.30 -1.80 7.670 7.627 -0.043 
5 10.05 9.85 -0.20 7.750 7.760 +0.010 
6 9.85 9.05 -0.80 7.658 7.700 +0.042 
7 8.10 8.25 +0.15 7.688 7.638 -0.050 
8 8.95 8.15 -0.80 7.660 7.637 -0.023 
9 8.70 9.40 40.70 7.610 7.608 -0.002 
10 9.40 9.05 ..-0.35 7.314 7.387 -0.073 
11 10.30 12.30 +2.00 7.650 7.639 -0.011 
Mean 9.49 9.12 -0.37 7.628 7.625 -0.003 
S.D.* 1.03 1.32 1.09 0.088 0.115 . 0.044 
S^tandard deviation. 
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% % % % $ 0 
solids sol- protein pro- protein protein 
in blood ids, in blood tein, in solids solids, 
V A A-V V A A-V V A A-V 
4.7 4.4 -0.3 2.0 2.0 0.0 42.6 45.2 +2.6 
5.8 5.7 -0.1 3.2 3.0 -0.2 54.9 53.6 -1.3 
6.5 5.7 -0.8 3.7 3.7 0.0 56.9 64.2 +7.3 
6.8 6.4 -0.4 4.0 3.9 -0.1 58.6 61.1 +2.5 
6.3 5.8 -0.5 3.0 3.3 +0.3 47.6 56.2 +8.6 
8.7 7.8 -0.9 5.2 5.1 -0.1 60.6 65.3 +4.7 
6.8 6.7 -0.1 3.6 3.8 -0.2 53.2 55.8 +2.6 
7.9 7.9 0.0 4.8 5.0 +0.2 59.9 62.6 +2.7 
8.0 7.6 -0.4 5.0 4.8 -0.2 62.3 63.3 +1.0 
8.7 7.8 -0.9 6.0 5.4 -0.6 69.1 75.5 +6.4 
7.9 8.1 +0.2 5.2 5.1 -0.1 65.2 62.5 -2.7 
7.1 6.7 -0.4 4.2 4.1 -0.1 57.4 60.5 +3.1 
1.3 1.2 0.4 1.2 1.1 0.2 7.6 7.8 3.6 
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Table 5. Calculated values of apparent first acid disso­
ciation constant (pK^ ) of carbonic acid as a 





20 30 40 
Whole blood. 
Cancer 5.129 5.658 5.792 5.936 - -
Whole blood, 
Gecarcinus 4.984 5.824 5.890 5.935 5.957 5.981 
Whole blood, 
Cardisoma 4.855 5.754 5.895 5.956 6.018 6.081 
Diluted blood, 
Cardisoma 5.121 5.851 5.938 6.005 6.035 6.045 
Serum, 
Cardisoma 5.491 5.837 5.922 6.012 6.032 6.031 
10^  albumin 
in sea water 5.510 5.870 5.920 6.005 6.040 6.058 
'^Calculation: pK^  = pH - log 
total CO2 - a Pgog 
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Figure 1. Mean values of total carbon dioxide and pH as 
functions of PcOg for equilibrated blood of 
Gecarcinus lateralis. COg is indicated by-
black circles, pH by open circles. In vivo 
values are shown as "a" for arterial (pericardial) 
blood, and "v" for venous (prebranchial) blood. 
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14 
Plot of (log total COg - 0.30 log PgOg) versus 
total solids (black circles) or total protein 
(open circles) of blood of Gecarcinus lateralis. 
Values on the ordinate have a mean of 0.740. De­
viation from mean fails to show dependence upon 
either solids or protein. (Only an average fcr 
each blood sample was plotted against protein. 
Derivation of ordinal values is discussed in 
text.) 
Figure 3. Mean values of total carbon dioxide and pH as 
functions of PcOg equilibrated blood of 
Cardisoma guanhumi. COg is indicated by-
black circles, pH by open circles. In vivo 
values are shown as "a" for arterial 
(pericardial) blood, "v" for venous (pre-












PCO2 i mm Hg 
30 40 
Figure 4. Individual plots of total carbon dioxide and 
pH versus Pqo^  for equilibrated blood of two 
large specimens (A and B) of Cardisoma 
guanhumi. In vivo values ("a" = arterial, "v" = 
venous) were plotted for each animal on its own 
capacity curve, in order to estimate ^  vivo 
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10 20 30 40 
PC02i mm Hg 
Figure 5. Mean values of total carbon dioxide and pH as 
functions of Pq q  for blood of Cancer anthonyi. 
COg is indicated by black circles, pH by open 
circles. In vivo values are shown as "a" for 
arterial (pericardial) and "v" for venous 
(prebranchial) blood. Mean vivo pH values 
were virtually the same (shown as "a,v"). 
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PCO2, mm Kg 
Figure 6, Individual plots of total carbon dioxide and 
pH versus for equilibrated blood of nine 
specimens of Cancer anthonyi, COg is indicated 
by black circles, pH by open circles. In vivo 
values ("a" = arterial, "v" = venous) were 
plotted for each animal on its own capacity 
curve. In numerous cases, arterial and venous 
values were virtually the same (shown as "a,v"). 
Temperature was 26° C. 
78 20 
V—:  
- Q - -76 --ay-
74 "il 
72 















O U -£L 1 
g 1.0 -













3 4 5 6 7 8 9 
®/o PROTEIN H or % SOLIDS (•) 
Figure 7. Plot of (log total COg - 0.17 log PcQg) versus 
total solids (black circles) or total protein 
(open circles) of blood of Cancer anthonyl. 
Values on the ordinate have a mean of 0.942. De­
viations from mean appear to show dependence upon 
both total solids and protein. (Only an average 
for each blood sample was plotted against protein. 
Derivation of ordinal values is discussed in 
text.) Compare to Figure 2. 
Figure 8. Total carbon dioxide and pH as functions of 
Pcog for oxygenated and deoxygenated blood of 
Cardlsoma guanhumi. COg is indicated by black 
circles, pH by open circles. Difference in 
COg curves is not beyond experimental error. 













Figure 9. Total carbon dioxide and pH as functions of 
Pqq^  for a solution of 10^  albumin in sea 
water, equilibrated at four pressures. COg is 
indicated by black circles, pH by open circles. 
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PCOg, mm Hg 
Figure 10. Total carbon dioxide and pH as functions of 
Pqq^  for equilibrated blood (bl) and "serum" 
(se) of Cardlsoma guanhumi. COg is repre­
sented by black circles, blood pH by open 
circles, and serum pH by dotted circles. The 
"serum" is deproteinated blood. Temperature 
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Figure 11. Log/log plot of (ordinate) the difference 
between the COg bound by whole blood and that 
bound by deproteinated blood of Cardisoma 
guanhumi, versus (abscissa) the of 
equilibration. Solution of line equation gives: 
A COg = 2.2 











10 20 30 40 
PCO2, mm Hg 
12. Comparison of COg capacity (ascending curves) 
and pH (descending curves) as functions of 
Pqq  ^for three crabs; Cardisoma guanhumi (Cg), 
Gecarcinus lateralis (G) and Cancer anthonyi 
(Ca), Unlabelled dotted lines represent these 
same functions for artificial sea water. 
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DISCUSSION 
Experimental Values and the Literature 
Gecarcinus lateralis 
No direct measurements of carbon dioxide for this 
species were found in the literature. Pericardial and 
venous pH values were measured by Redmond (1968b), who found 
a change from pH 7.39 to 7.45, the pericardial blood being 
0.06 pH higher. In the present study the change was from 
7.33 to 7.40 and pericardial blood was O.O7 pH higher. The 
concentrations of blood solids and proteins are certainly 
subject to Individual variations, especially in relation to 
diet or molt cycle, so that the values found in this study 
would not be considered unusual among decapods. Chloride 
concentrations, too, may show variation of either brief or 
chronic nature. Plemister (1958) reported a mean blood 
chloride level of 385 mM/l in Gecarcinus, while the value 
was 439 in the present study. 
Cardlsoma guanhumi 
Redmond (1962) measured COg in the leg blood of five 
individuals of C. guanhumi and found a mean value of 49.4 
vol R = 42.6 - 57.7. In the present study, 11 animals 
showed a mean value of 46.5 vol % (21.0 mM/l), R = 32.6 -
60.5. Redmond did not measure blood pH, but in order to 
perform certain other calculations he estimated an in vivo 
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pH of 7.53. The present research gave mean values of 7.40 
for prebranchial blood and 7.55 for pericardial blood, so 
Redmond's estimate was suitable. Concentrations of other 
blood constituents did not appear to be unusual in this 
species. 
Cancer anthonyi 
No values for C. anthonyi have been found in the litera­
ture, but the genus Cancer is rather well represented by other 
species. Collip (1920) reported values of 18.0 - 27.9 vol % 
CO2 in air-equilibrated blood of C. magister, and 20.3 -
24.2 for C. productus, although he had equilibrated the blood 
for only three minutes. In the present study C. anthonyi 
had a mean value of 15.6 vol % (7.03 mM/1) in blood equili­
brated for an hour or more. Values for a number of other 
aquatic crabs are tabulated by Wolvekamp (i960) and are very 
similar to those cited above. Blood pH values for Cancer 
borealis and C. pagurus (Table 100 in Dittmer, 1961) lie 
between 7.6 and 7.7. In the present study C. anthonyi had 
a blood pH of 7.63 (no significant difference existed between 
prebranchial and postbranchial levels), Dittmer's table 
gives chloride concentrations of about 510 mM/kg HgO for 
Cancer pagurus, and 478 mM/l serum for C. borealis. In the 
present study C^ . anthonyi showed a mean chloride value of 
476 mM/l blood. Protein concentrations reported in Dittmer's 
table range from about 1.2^  to 11.50 in the bloods of Cancer 
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Irroratus, C^ . maglster and C. pagurus. Mean values are 
between 4^  and 5^ . In the present work, anthonyl had a 
mean of 4.2^ , with a range of 2.0^  to 6.0^ . These animals 
had been maintained unfed for an unrecorded length of time 
prior to purchase, but were fed during the research. The 
first animals to be used were apparently in a starved 
condition, for the measured concentrations of blood solids 
and protein increased consistently as the research progressed 
and the animals were used up. 
A significant change in total solids between prebranchial 
and pericardial blood was found in £. anthonyl. The percent­
age dropped from 7.1^  to 6.7# in the direction of flow, a 
loss of 0.4# or about 0.4 g/lOO g of blood. Total protein 
did not change, which suggests that the loss might have been 
due to salt excretion. Dittmer's Table 100 (1961) gives a 
blood sodium value of 10.58 mg/ml in £. borealis. If the 
bulk of this were present as NaCl, it would amount to more 
than 25 mg NaCl/g blood (0.46 moEq/ml). It seems probable, 
since other salts are also present, that an excretory loss 
of 4 mg salt/g blood could occur in G, anthonyl, but this 
point needs further study. 
Comparisons between Species 
The COg capacity and pH curves of all three species 
have been plotted in Figure 12. Of Interest is a comparison 
between curves for Cancer anthonyl and Gecarcinus lateralis. 
68 
The curves are similar, although these two crabs have the 
least in common ecologically. The blood of Cancer appears 
to be not as well buffered as that of Gecarclnus and, at 
atmospheric P^ Qg, comes to equilibrium at a more alkaline 
pH and retains a higher concentration of CO2. This could 
be due to the fact that Cancer blood contained only about 
half as much protein as did Gecarclnus blood. A plot of 
the approximate COg capacity of artificial sea water (deter­
mined during this research) has been included in Figure 12, 
and it can be seen that the curve for Cancer begins to 
parallel the sea water slope at about 15 mm Hg. Gecarclnus 
blood, however, continues to combine COg beyond 30 mm Hg. 
In vivo analyses in this study indicated that Cancer 
functions at about 2 mm Hg PcOg* Both the COg capacity 
curve and the pH curve are quite steep at that pressure, 
and a small change in PcOg would result in a rapid pH shift. 
However, due to the high solubility of COg in sea water, 
the animal is not likely to accumulate enough COg to create 
much of a change in PcOg* 
Compared to Cancer, Gecarclnus blood combines similar 
quantities of COg and maintains a similar pH over most of 
the range. However, at very low Pqq^  the pH is more acid 
than in Cancer, and does not respond so rapidly to changes 
in CO2 tension. This is probably not important to Gecarclnus, 
since it is not in a physiologically important range of PcOg* 
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It Is merely a result of greater buffer capacity. Another 
manifestation of buffer capacity, probably more important, 
is apparent at the upper levels of the COg curve, where an 
increase in total COg would cause a smaller PgOg in 
Gecarcinus than in Cancer. In vivo analyses indicate that 
Gecarcinus normally functions at about 10 mm Hg PcOg' al­
though this may actually be little more than a basal value. 
At any rate, it is a region of the curve where changes due 
to increased metabolic COg are moderate. The shape of the 
curves suggest, furthermore, that Gecarcinus could function 
at levels above "normal" with less acid-base disturbance 
than could Cancer. This could be of obvious advantage for 
terrestrial living, in the face of a water shortage and 
impaired respiratory exchange. 
It is possible that the experimental curves for £. 
anthonyi would be different had the animals been fed by 
the supplier; however, the mean protein values agree well 
with those in the literature (Dittmer, 1961) for other species 
of Cancer. 
The third species, Cardisoma guanhumi, presents an 
obviously different picture; it combines much more COg and 
functions at a higher pH at all levels of COg tension than 
do the other two crabs. The pH of Cardisoma blood at atmos­
pheric PQOg virtually the same as that of Cancer, but it 
decreases more gradually as Pcog soes up, and, in fact. 
70 
parallels the pH curve of Gecarcinus. The COg capacity 
curve originates at a value two to three times that shown 
by the other crabs and parallels the curve of Gecarcinus, 
although at low "Pqq^  it is as steep as that of Cancer. 
Wide variations among individuals existed in this 
species. Table 1 will show that standard deviations were 
greater for Gardisoma throughout the curve than for the 
other two crabs. There is no question, however, about the 
generally much higher levels for Cardisoma, and on the basis 
of mean values the curves may be considered as described 
above. 
Some discrepancy has been pointed out (results section) 
concerning interpolation of vivo values for 
Cardisoma. These values probably lie, however, between 10 
and 15 mm Hg, and possibly are transitory. In this region 
of the COg and pH curves, essentially the same interpretations 
may be made as were discussed for Gecarcinus. The slopes 
are perhaps slightly steeper but would still Indicate a 
moderate change of pH in response to Pqq^  change. Protein, 
to whatever extent it functions as a buffer in Cardisoma, is 
present in concentrations similar to those in Gecarcinus. 
Interrelated shifts in pH, total COg and PcOg of 
virtually the same magnitude in Cardisoma as in its near 
relative, Gecarcinus. The major differences are that 
Cardisoma has a much higher basal level of bound COg in the 
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blood, and apparently functions at a consistently more 
alkaline pH. 
Chemical Forms of COg Transport in the Blood 
A difficult problem in interpretation arises from 
failure of the pH and COg data to fit as anticipated into 
the Henderson-Hasselbalch equation. As was mentioned in 
the results section, pKj should be constant in a given fluid. 
Calculated values of pKj, however, decreased for each of six 
fluids as Pçog lowered (Table 5). A conventional value 
for pKj of carbonic acid in blood or serum of various animals 
is about 6.10 at 26° C (Levenbook, 1950; Severinghaus, Stupfel 
and Bradley, 1956). There are no reports in the literature 
to indicate that this constant is pressure dependent; on the 
contrary, at least one worker (Levenbook, 1950) has stated 
that it is not. In this research, however, the conventional 
value was only approached at relatively high (40-50 mm 
Hg), while, for the blood of Cardlsoma at atmospheric tension 
(0.03 mm Hg), a value of 4.86 was calculated. 
Before attempting to account for this discrepancy it 
is worthwhile to examine the extent to which pK^  is known to 
vary. Severinghaus, Stupfel and Bradley (1956) evaluated it 
for carbonic acid in mammalian serum over a range from 10 to 
45° C and from pH 6.6 to 8.0. All values of pK^  were between 
6.00 and 6.30. Levenbook (1950) found that in the blood of 
the larva of the bot-fly, Gastrophilus, pK^  stayed between 
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6.01 and 6.17 even though varied from 6 to 232 mm Hg. 
In short, the extent of variation of pK^  values found in the 
present work is not supported in the literature. 
The other constant in the Henderson-Hasselbalch 
equation is "a", the solubility factor for COg in the blood. 
The value used in this study, 0.04 mM COg/l blood per mm Hg 
PcOgi Is well supported in the literature (Dittmer and Grebe, 
1958) and even if radically in error it could scarcely 
account for the apparent discrepancy (Levenbook, 1950). 
Another possible source of error in calculated pK^  is 
the PgQg of equilibration. In this research, Pqq^  was 
established mechanically (except for atmospheric levels) and 
was assumed to remain constant within narrow limits. If, 
however, one takes the data for Cardisoma blood at atmos­
pheric tension (pH = 7.935 and COg = 14.10 mM/l, from 
Table l) and substitutes a more conventional value of pK{ 
(6.081 from Table 5, instead of the calculated 4,855) he can 
calculate a new P^ Qg follows: 
1^4,10 - [0.04 (x mm Hg)] 7.935 = 6.081 + log 
0.04 (x mm Hg) 
antilog (7.935 - 6.081) = = 71.5 
X = 4.87 mm Hg. 
It is possible that, in the absence of proper equili­
bration between the atmosphere and the gases over the fluid. 
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a sample rich in COg might establish and maintain inside 
the tonometer a pressure of several millimeters Hg. How­
ever, when similar calculations are made with data from 
further up the COg curves, the increase in necessary to 
satisfy the equation may be as much as 10 mm Hg. A 2 ml 
sample of blood is an inadequate source to provide such an 
increment. The blood would, in fact, absorb COg and tend 
to lower the established pressure rather than to elevate it. 
Therefore, while this possible source of variation in calcu­
lated pK^  cannot be entirely ruled out at low neither 
can it be supported over the rest of the range. 
This leaves, then, the possibility that significant quan­
tities of acid-labile COg are present in some form other than 
HCOg", HgCOg or dissolved gas. Small but significant amounts 
of carbamino COg are found in hemoglobin bloods (Davenport, 
1958) but no evidence for this form was found by Wolvekamp 
and Kruyt (194?) in decapods. The presence of carbonate 
is another possibility; however, the pKg for carbonic acid 
(which describes carbonate-bicarbonate equilibrium) is about 
10.2, so that even at pH 8 the fraction present as CO^ " 
(its log equals -2.2) would be no more than one ion in five 
or six thousand. Furthermore, Collip (1920) could find no 
indication of the mobilization of CaCO^  as a buffering mech­
anism in Crustacea. Other combinations of carbon dioxide, 
usually called "y-bound" COg, have been hypothesized under 
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various circumstances (Roughton, 1964) but as yet none have 
been specifically Identified. 
The amount of non-bicarbonate CO2 in the blood would 
have to comprise, at atmospheric Pqq^ , about 80-90# of the 
total in order to support a pK^  of 6.1. This fraction, if 
present, should not be difficult to characterize. The fact 
that no such fraction has been identified, either in this 
study or in others (Duval and Portier, 1927; Redfield, 1933) 
makes its existence seem very doubtful. The evidence, at 
this point, seems to indicate that the discrepancies in 
pK^  values, however evasive, are somehow artifactual and 
that the bulk of the CO2 is transported by well known 
mechanisms. 
Role of Protein in Buffering 
Blood protein is plainly responsible for a great share 
of the buffering which must accompany bicarbonate formation. 
Redfield, Humphreys and Ingalls (1929) found that hemocyanin 
in the presence of blood salts accounted for the bulk of the 
buffer capacity of Limulus blood. In the present study clear 
correlation between blood protein and COg capacity was not 
apparent, it is true, in two species of land crabs. However, 
no evaluation of blood salts and nonprotein organic materials 
in the blood was carried out, except for a partial chloride 
assay. It was quite plain, upon comparison of deproteinated 
blood and whole blood (Figure 10) that the protein accounted 
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for a large proportion of COg-blndlng In Cardlsoma^  The 
buffer capacity "B" for Card1soma protein In the physiological 
range of was estimated according to the simplified 
formula B = -A COg concentration/ApH (Redfleld, 1933). In 
the range from 5 to 15 mm Hg P^ Q^  the difference In buffer 
capacity between whole and deprotelnated blood was O.I25 
mM COg/g protein. Redfleld (1933) shows a buffer value 
(-A HCO^ '/a pH) In human blood of O.I86 mEq HC03~/g hemo­
globin. 
The last two values mentioned are perhaps fortuitously 
similar. Individual variations are large In the buffering 
capacities of the land crabs. An example of such variation 
may be observed in Figure 4. One of the most extreme cases 
(not plotted) involved a specimen of Cardisoma whose blood, 
at P^ Og ~ 15f included only 6^  protein (the mean was 11.6^ ) 
but held 28 mM COg/l (the mean was 24.3). Such examples 
can revive lingering doubts about the true chemical nature 
of the COg in these crabs. The interaction between salts, 
protein and other blood components, however, might be so 
individually different as to account for large variations in 
the efficiency of buffering. A more complete serological 
study would help to clarify this possibility. 
Correlation between COg capacity and protein concentra­
tion is seemingly more distinct for Cancer anthonyl (Figure 
7). The concentrations of CO2 in Cancer are similar to those 
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in Gecarcinus, where good correlation was not obvious. The 
apparent "better fit" for Cancer, an aquatic animal, might 
suggest the presence of fewer nonprotein buffering mech­
anisms and a more uniform electrolyte composition in the 
blood. 
Conclusions 
The general pattern of CO2 transport in decapods has 
been examined previously (VJolvekamp and Kruyt, 1947; Wolvekamp 
and Waterman, i960). The terrestrial forms have not been 
investigated, however, and this research has made a beginning 
in that direction. The phenomenon which Redmond (1962) 
described in Cardisoma, the existence of a high level of 
blood COg, has been verified and examined. The COg has been 
found to be absorbed by a blood of correspondingly high pH, 
and no unusual form of COg appears to be present. In the 
other terrestrial crab, Gecarcinus lateralis, a lower COg is 
carried in a blood of lower pH. The main difference, then, 
seems to be in the basal levels of the acid-base constituents; 
above basal levels, COg-related functions appear to behave 
quite similarly in the two species. 
Why should the basal levels be different? If a fluid 
is relatively alkaline for any reason it can, of course, 
take up more carbonic acid than one which is acidic. The 
blood of Cardisoma, more alkaline than that of Gecarcinus, 
does so. Some buffering mechanism, not disclosed by this 
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research, apparently provides Cardlsoma with the ability to 
bind a high level of bicarbonate at very low tensions. It 
Is possible that, with experiments more precisely directed 
toward securing equlllbrlxom of the blood with the atmosphere, 
the high "basal" level would virtually disappear. This Is 
not an Important point physiologically, however, for re­
gardless of the actual level at atmospheric the high 
levels shown on the equilibrium curve at functional 
would still be valid. 
An interesting point, although the data for Cardlsoma 
is unfortunately ambiguous, is that the functional blood pH 
of Cardlsoma is probably about the same as that of its 
aquatic relative. Cancer. Cardlsoma could perhaps be 
properly called semi-terrestrial Instead of terrestrial. 
Its acid-base physiology might be more similar, and its 
optimum pH levels for body functions nearer, to those of 
the aquatic crabs. Due to a higher blood protein content 
and probably other important buffering mechanisms it can 
tolerate high levels of metabolic CO2 without suffering 
detrimental acid-base disturbances. Gecarclnus, however, 
appears to have literally gone further afield. Its adapta­
tions are clearly more terrestrial and it is able to tolerate, 
and function normally at, a more acid pH than either Cardlsoma 
or the aquatic crabs. Gecarclnus would appear to have dis­
pensed with (or has never had) some mechanism which, in 
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Cardlsoma, elevates the basal level of bicarbonate. 
The question of significance of carbonic anhydrase has 
not been answered in this study. Its significance is, in 
fact, quite conjectural in many tissues of many organisms 
(Van Goor, 1948). Carbonic anhydrase has not been a 
primary objective of study in this research, but several 
points might be made. First, its presence or absence in 
the blood and in specific tissues of these animals should 
be clearly established before an effort is made to explain 
it. If one assumes the enzyme to be present in tissues and 
gills but not in blood, as the literature suggests, any 
advantage which it might confer is still unclear. If the 
end metabolic product in the cells is molecular COg, car­
bonic anhydrase would tend to slow its transport into the 
blood rather than to accelerate it. This, however, is not 
necessarily a disadvantage in the open circulatory system 
of decapods. A possible advantage is easier to recognize 
in the gills, where rapid dehydration of carbonic acid might 
accelerate COg release. The question of an anion shift in 
response to HCOg" movement at the level of tissues and gills 
seems not to be important, for, although impeded by hydra­
tion, the movement of COg as either HgCO^  or HCO^ " + H**" is 
probably adequate in these animals, particularly in view of 
the gradient maintained by dehydration at the gills. Another 
possibility for conjecture lies in the fact that, in several 
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animals, tissues where carbonates are precipitated (shell 
glands and the like) have been shown to contain high concen­
trations of carbonic anhydrase (Van Goor, 1948). Here, the 
enzyme presumably helps to maintain a sufficient level of 
carbonic acid for the precipitation reactions to proceed. 
The fact that these Crustacea have exoskeletons which are 
frequently molted suggests that carbonic anhydrase may 
have some significance in the process. It is possible that 
there is actually no advantage to the presence of carbonic 
anhydrase in these animals, but, as Wolvekamp (1949) has 
implied, it is more intriguing to feel that a phenomenon 
has significance than that it has not. 
The present study was carried out on animals which 
often, at the time of sampling, were alarmed and active. It 
is probable, however, that they were still functioning at 
near-resting levels of respiratory adjustment. Precise 
studies of blood composition and carbonic anhydrase activity, 
plus experiments on respiratory adjustments to strenuous 
exercise, would aid greatly in the understanding of CO2 
transport phenomena in these animals. 
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SUMMARY 
Carbon dioxide transport phenomena were examined in two 
terrestrial species of brachyuran crabs (Gecarcinus 
lateralis and Cardisoma guanhumi) and in one aquatic 
species (Cancer anthonyi). 
Carbon dioxide dissociation curves with related values 
of pH were prepared for the bloods of all species, and 
in vivo COg tensions were determined by interpolation. 
Calculated apparent pK^  values for carbonic acid, con­
trary to theoretical expectations, showed a consistent 
decrease with decreasing in all fluids tested. 
Total solids and total protein were measured for the 
bloods of all three species, and chloride was measured 
for G, lateralis and C. anthonyi. 
In vivo values disclosed that the following prebranchial 
to ppstbranchial changes occurred: 
a. In G. lateralis, pH went from 7.33 to 7.40, 
total CO2 went from 10.6 to 9 . 8  mM/l blood and 
Pco^  went from 10 to 8 mm Hg. 
b. In Cardisoma guanhumi, pH went from about 7.55 
to 7.65, total CO2 went from 21.0 to 19.2 mM/l 
and went from about 15 to about 8 mm Hg, 
although some questions exist concerning the pH 
and PcOg values. 
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c. In Cancer anthonyl, pH remained at 7.63, total 
CO2 went from 9.5 to 9.1 and changed only 
slightly at 1-2 mm Hg. 
5. Measurement of blood protein disclosed that; 
a. protein concentration is greatest (11.6^  of 
blood) in Cardisoma, nearly as high {9.Wo) in 
Gecarcinus and only K.2.% in Cancer; 
b. buffer capacity of the blood shows correlation 
with protein concentration in Cancer, but is 
complicated by other factors in the land crabs; 
c. Cardisoma blood protein buffers about 0.125 
mM COg/g protein over the functional range of 
'^cog-
6. Blood of Cardisoma shows increased acidity upon oxygena­
tion, but no clear difference in COg combining capacity. 
7. It is concluded that: 
a. Cardisoma has a high level of blood bicarbonate 
and functions at a pH similar to that of the 
aquatic species, although It maintains a higher 
b. Gecarcinus has a lower basal level of blood COg 
and functions at a relatively acid pH, while 
maintaining an elevated 
c. Cancer functions within a range of acid-base 
values which conform, with very little change, 
to sea-water levels of carbon dioxide. 
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